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Abstract. Climate change is exposing high-latitude systems to warming and a shift
towards more shrub-dominated plant communities, resulting in increased leaf-litter inputs at
the soil surface, and more labile root-derived organic matter (OM) input in the soil profile.
Labile OM can stimulate the mineralization of soil organic matter (SOM); a phenomenon ter-
med “priming.” In N-poor subarctic soils, it is hypothesized that microorganisms may “prime”
SOM in order to acquire N (microbial N-mining). Increased leaf-litter inputs with a high C/N
ratio might further exacerbate microbial N demand, and increase the susceptibility of N-poor
soils to N-mining. We investigated the N-control of SOM mineralization by amending soils
from climate change–simulation treatments in the subarctic (+1.1°C warming, birch litter
addition, willow litter addition, and fungal sporocarp addition) with labile OM either in the
form of glucose (labile C; equivalent to 400 µg C/g fresh [fwt] soil) or alanine (labile C + N;
equivalent to 400 µg C and 157 µg N/g fwt soil), to simulate rhizosphere inputs. Surprisingly,
we found that despite 5 yr of simulated climate change treatments, there were no significant
effects of the field-treatments on microbial process rates, community structure or responses to
labile OM. Glucose primed the mineralization of both C and N from SOM, but gross miner-
alization of N was stimulated more than that of C, suggesting that microbial SOM use
increased in magnitude and shifted to components richer in N (i.e., selective microbial N-min-
ing). The addition of alanine also resulted in priming of both C and N mineralization, but the
N mineralization stimulated by alanine was greater than that stimulated by glucose, indicating
strong N-mining even when a source of labile OM including N was supplied. Microbial car-
bon use efficiency was reduced in response to both labile OM inputs. Overall, these findings
suggest that shrub expansion could fundamentally alter biogeochemical cycling in the subarc-
tic, yielding more N available for plant uptake in these N-limited soils, thus driving positive
plant–soil feedbacks.
Key words: carbon and nitrogen mineralization; climate change; microbial carbon use efficiency;
nitrogen limitation; nitrogen-mining; rhizosphere biogeochemistry; soil priming effect; subarctic tundra.
INTRODUCTION
Arctic and subarctic soils are a globally important
store of terrestrial carbon (C), which is vulnerable to loss
because of climate change (Schuur et al. 2009, Crowther
et al. 2016, van Gestel et al. 2018). In addition to the
direct effect of climate warming on soil C turnover
(Davidson and Janssens 2006), climate change is also
driving rapid shifts in vegetation across high-latitude
systems (Martin et al. 2017, Myers-Smith et al. 2019).
Shrub expansion in the Arctic (“shrubification”) will
affect the type, quantity, and chemistry of plant-derived
organic matter (OM) inputs to soil (Parker et al. 2015,
McLaren et al. 2017), resulting in increased leaf-litter
inputs at the soil surface and increased root production
and associated rhizosphere input in the soil profile (Cha-
pin et al. 1996; Sistla et al. 2013, Pausch and Kuzyakov
2018). Roots exude a mixture of soluble organic sub-
stances, including sugars, amino acids, organic acids and
enzymes, creating hotspots of microbial activity (Kuzya-
kov and Blagodatskaya 2015, Sokol and Bradford 2019).
These inputs of labile plant-derived OM therefore have
the potential to stimulate the decomposition of soil
organic matter (SOM), with consequences for future soil
C storage (Mack et al. 2004, Hartley et al. 2012, Wild
et al. 2014, Guenet et al. 2018). However, the mecha-
nisms determining the responses to labile OM inputs in
soils are currently not well understood. We also lack an
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understanding of how factors such as warming and
increased litter inputs—as a result of climate change—
will affect the susceptibility of soils to C loss.
Microbial mineralization of SOM can be accelerated
by the input of labile plant-derived OM by a phe-
nomenon known as “priming.” Although several differ-
ent mechanisms for priming have been proposed (see
Blagodatskaya and Kuzyakov 2008 for a review),
responses are often strongly influenced by soil nutrient
availability and microbial nutrient demand (Dijkstra
et al. 2013, Carrillo et al. 2014, Chen et al. 2014, Meier
et al. 2017). The nutrient mining interpretation for prim-
ing suggests that labile OM is used as a source of energy
to support microbial activity, with microorganisms co-
metabolizing SOM to liberate and acquire nitrogen (N)
from soil (Craine et al. 2007, Meier et al. 2017, Macdon-
ald et al. 2018). In N-poor arctic and subarctic soils
(Shaver and Chapin 1980, Weintraub and Schimel 2003,
Mack et al. 2004, Sistla et al. 2012, Hicks et al. 2019),
microbial responses to inputs of labile OM may there-
fore be driven by microbial demand for N. In one study
of an acidic tundra heath, labile OM input did not affect
the decomposition of SOM (Lynch et al. 2018). How-
ever, in another study of subarctic mountain birch forest
and tundra soils, labile OM did prime the decomposition
of soil C, and the priming response was reduced when
labile OM was added in combination with inorganic N,
suggesting that priming was induced by microbial
demand for N (Hartley et al. 2010). Increased litter
inputs with a high C/N ratio as a result of shrub expan-
sion in the Arctic could exacerbate N limitation to
microorganisms, thereby increasing the susceptibility of
N-poor soils to priming. A stimulation of SOM decom-
position associated with microbial N-mining may
explain why less soil C is stored in subarctic forest soils
compared to the subarctic tundra, despite higher plant
productivity in the forest (Hartley et al. 2012, Parker
et al. 2015). Conversely, an acceleration of N mineraliza-
tion due to warmer temperatures (Salazar et al. 2020)
could reduce microbial demand for N, leading to
reduced microbial N-mining in response to increased
labile OM inputs in the rhizosphere.
During decomposition, microorganisms break down
OM into its constituent inorganic parts. Although rates
of C and N mineralization in soils are often assumed to
be coupled, recent studies have shown a strong decou-
pling of C and N mineralization after labile C addition,
with microorganisms specifically targeting N-rich com-
ponents of SOM (Murphy et al. 2015; Rousk et al.
2016; Ehtesham and Bengtson 2017). In one study of
boreal forest soils, however, although the addition of
labile C increased microbial N demand, this did not
lead to microbial N-mining from SOM, with micro-or-
ganisms instead more efficiently immobilizing available
N (Wild et al. 2017). Other recent studies have also
challenged the N-mining hypothesis (Mason-Jones
et al. 2018, Wild et al. 2019). Hence, further investiga-
tion is required in order to assess the N-control of
SOM mineralization in response to labile OM inputs in
high-latitude soils.
To investigate the N-control of SOM mineralization,
soils from climate change–simulation treatments in the
subarctic (+1.1°C warming, birch litter addition, willow
litter addition, and fungal sporocarp addition, generat-
ing a wide-range of C/N treatments) were amended with
labile OM either in the form of glucose (labile C) or ala-
nine (labile C+N), simulating rhizosphere inputs. We
hypothesized that (1) glucose addition would induce
greater mineralization of N than C sourced from SOM
(N-mining). Moreover, we expected that (2) the N-min-
ing effect would be more pronounced in climate change–
simulation treatments of higher C/N (plant litter) than
treatments with lower C/N (fungal sporocarps and
warming), with the control treatments intermediate. We
also hypothesized that (3) alanine (labile C+N) addition
would not result in selective N-mining, but that it would
instead reduce the mineralization of both soil C and N,
due to preferential utilisation of C and N from the added
labile OM.
MATERIALS AND METHODS
Field experiments
Experimental field treatments to simulate climate
change in the subarctic were established in a tundra
heath, close to the Abisko Scientific Research Station in
northern Sweden (68°210 N, 18°490 E), where the mean
annual temperature is 0.2°C and mean annual precipita-
tion is 340 mm (30 yr average 1986–2015; Abisko Scien-
tific Research Station 2016). The vegetation is
dominated by dwarf shrubs and mosses, with scattered
forbs and graminoids. Common ericaceous dwarf shrubs
include Vaccinium uliginosum L., Empetrum
hermaphroditum L., Andromeda polifolia L., and Rhodo-
dendron lapponicum (L.) Wahlenb. along with the noneri-
caceous dwarf shrubs Dryas octopetala L. and Betula
nana L., as well as the dominant moss Tomentypnum
nitens (Hedw.) Loeske, together with Hylocomium splen-
dens (Hedw.) Schimp and other mosses. Soils have
formed on a base-rich schist and are classed as Histosols
(International Union of Soil Sciences World Reference
Base for soils, 2006). The organic soil horizon at the site
is ~5–15 cm deep, and pH is close to neutral (Table 1).
Soil was sampled from five field treatments; (1) con-
trol, (2) warming, (3) mountain birch litter addition
(Betula pubescens (Ehrh.); hereafter referred to as
Betula), (4) dark-leaved willow litter addition (Salix
myrsinifolia (Salisb.); hereafter referred to as Salix) and
(5) fungal sporocarp (organic N) addition with mixed
field-collected Russula spp., Cortinarius spp., and Lec-
cinium spp. sporocarps. The litter addition treatments
were intended to simulate shrub expansion in the subarc-
tic, and the fungal sporocarp addition was used as a high
organic N addition, in order to generate an extreme end-
point to examine the effect of altered litter inputs on
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responses to labile OM additions. The field treatments were
established in 1 9 1 m experimental squares, replicated in a
randomized block design with six replicates. The litter and
fungal sporocarp addition treatments were initiated in
September 2011 and the warming treatment was initiated in
May 2012. The warming treatment was achieved using
open-top chambers (OTCs), designed to increase air temper-
ature, which were installed according to the setup of the
International Tundra Experiment (Marion et al. 1997). The
OTCs increased the mean annual surface temperature by
0.7°C from 2.0°C to 2.7°C, and soil temperature by 1.1°C
from 1.0°C to 2.1°C (1-yr average), with no distinguishable
effects on soil moisture between treatments (Rousk and
Michelsen 2017). Betula litter, Salix litter and fungal sporo-
carps, with C/N ratios of 45  4.5, 22  0.8, and 11  0.2,
respectively (mean  SE, n = 3), were added at a rate of
90 gm2yr1, corresponding to the annual litter fall in the
nearby open birch forest (Bylund andNordell 2001). Fungal
sporocarpswere first cut into ~1-cm3 pieces before being dis-
tributed evenly on the surface of the plot. These additions
were made in the autumn every year, with the exception of
the fungal sporocarp treatment, which could not be adminis-
tered in 2012 and 2013 because of a scarcityof fruit bodies.
At the time of sampling in late July 2016, the climate
change treatments had been active for 5 yr. Soil samples
were collected from 6–8 randomized cores (2-cm diame-
ter) from each plot, including only the O-horizon up to
~10-cm depth. Visible stones and coarse roots were
removed and soils were homogenised by sieving, result-
ing in 30 independent samples (5 field treatments 9 6
replicates). After sieving, soils were stored at 5°C until
use (see Labile 13C addition experiment).
Soil physiochemistry
Soil subsamples were used to measure gravimetric soil
moisture content (105°C for 24 h) and SOM content
through loss on ignition (600°C for 12 h). Soil C and N
content was determined using a CN analyzer (Dumas
combustion). Soil pH was measured in a 1:5 (w:v) water
extraction using an electrode. Electrical conductivity
(EC) was measured using the same solution, with a EC
meter. The concentration of extractable NH4
+ was deter-
mined in diffusion traps in a 1-mol/L KCl soil extract
(see Gross N mineralization).
Labile 13C addition experiment
Forty-five grams of fresh (fwt) soil was weighed into
150-mL microcosms with lids, which were stored at 5°C
for 3 d until the start of the experiment. The soil micro-
cosms were then moved to a climate-controlled room
(16°C) shortly before soils were amended with either
13C-glucose (labile C), 13C-alanine (labile C+N), or dis-
tilled water (as a control). Alanine was chosen as the
source of labile C + N used in this study, as it is one of
the most abundant free amino acids found in tundra
soils nearby (Andresen et al. 2008). 13C-labeled sub-
strates were created by mixing 13C-labeled glucose or ala-
nine with equivalent unlabeled substrates. This resulted
in glucose with 3.75 atom% enrichment and alanine with
3.67 atom% enrichment (determined by isotope-ratio
mass spectrometry; IRMS; see Stable isotope calcula-
tions). Soils were amended with 1,000 µg glucose or ala-
nine/g fwt soil. For both the glucose and alanine
treatments, this resulted in a C addition of ~400 µg C/g
fwt soil (equivalent to 4 mg C/g soil C), and for the ala-
nine treatment this also resulted in a N addition of
~157 µg N/g fwt soil (equivalent to 28 mg N/g soil N).
Substrates were dissolved in distilled water, administered
as 10 lL solution/g fwt soil, before being thoroughly
mixed into the soil using a metal spatula. For controls,
deionized water was added instead of glucose or alanine
solutions. This resulted in 90 microcosms (5 field treat-
ments 9 3 substrate treatments 9 6 replicates).
Microcosms were incubated in a climate controlled
room at 16°  1°C for 7 d, which matched the mean daily
soil temperature during the peak growing season at the site
TABLE 1. Soil physiochemical and microbial characteristics.
Control Warming Betula litter Salix litter
Fungal
sporocarp
Mean SE Mean SE Mean SE Mean SE Mean SE
Water content (g H2O/g) 2.6 0.4 2.5 0.3 2.8 0.1 2.9 0.2 2.6 0.2
Soil pHH2O 6.8 0.03 6.8 0.06 6.8 0.04 6.8 0.05 6.8 0.03
Conductivity (lS/cm) 51 8 50 4 57 4 47 4 67 12
Soil organic matter (mg/g) 645 70 668 58 760 32 765 26 702 35
Total soil C (mg C/g) 322 40 339 34 381 14 379 12 364 12
Total soil N (mg N/g) 17.7 2.1 19.1 2.2 20.4 1.0 21.7 0.8 20.4 1.0
Soil C/N 18.8 0.3 17.7 0.7 17.6 0.4 18.2 0.4 18.0 0.7
Soil extractable NH4 (lg N/g) 13.2 2.0 14.1 2.4 14.8 3.6 16.3 3.5 11.9 3.4
Total PLFA (nmol/g SOM) 835 23 856 39 780 69 897 64 688 41
Bacterial PLFA (nmol/g SOM) 454 35 449 51 411 22 467 37 367 37
Fungal PLFA (nmol/g SOM) 29 1 48 10 32 7 41 8 24 3
Notes: Mean and SE (n = 6 except for total PLFA, fungal PLFA, and bacterial PLFA where n = 3). No significant differences
among field treatments.
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(Rousk andMichelsen 2017). These systems were sampled
repeatedly over 1 week tomeasure fungal growth, bacterial
growth, respiration (along with its 13C enrichment), gross
N mineralization, and microbial phospholipid fatty acid
(PLFA) composition (alongwith its 13C enrichment).
Respiration and 13C–CO2 enrichment
Respiration (i.e., C mineralization) was measured
using 0.50 g soil in 20-mL glass vials. The headspace
was purged with pressurized air before the vial was
closed with a crimp lid. Vials were incubated for 5–18 h
at 16°C in the dark, adapting the incubation time depen-
dent on the desired temporal resolution of measure-
ments (i.e., shorter incubation times to capture the
dynamics immediately after the substrate additions).
The headspace CO2 concentration was analyzed using a
gas chromatograph equipped with a methanizer and
flame ionization detector. Headspace subsamples
(1.5 mL) were also transferred to He-purged 12-mL
glass exetainers (Labco, Lampeter, UK) using a gastight
syringe, for subsequent isotope ratio measurements of
the produced CO2 (see Stable isotope calculations).
Gross N mineralization
Gross N mineralization rates were determined using
the 15N pool-dilution method, as described by Rousk
et al. (2016). Briefly, at each time point, two subsamples
of soil (each 3.0 g fwt) were weighed into 50-mL gastight
polypropylene tubes, to which 67 lL NH4Cl (45 lg N/
mL, enriched to 5 atom% 15N) was administered using a
pipette. The 15N addition to these soils increased the
inorganic N concentration by approximately 1 lg N/g,
corresponding to limited changes in mineral N concen-
trations, at <10% increases in NH4
+ concentrations
above initial levels (Table 1). Soils were immediately vig-
orously mixed with a spatula to ensure even distribution
of the added NH4Cl before tubes were lidded. One set of
subsamples were extracted using a 1-mol/L KCl solution
approximately 1 h after 15N addition, and the second set
was treated identically after 6–18-h incubation at 16°C
without light. The amount of 15NH4
+-N and 14NH4
+-N
were determined by IRMS after diffusion to acidified
glass fiber traps, according to standard procedures
(International Atomic Energy Agency; IAEA 2001). The
15N/14N content of the glass fiber traps were measured
with a Flash 2000 elemental analyzer coupled to a Delta
V plus via the ConFlow interface (Thermo Fisher Scien-
tific, Bremen, Germany), at the Stable Isotope Facility
at the Department of Biology, Lund, Sweden. Gross N
mineralization rates were estimated according to the
equations described by Bengtson et al. (2005).
Microbial growth and carbon use efficiency
Microbial growth rates were measured using soils sub-
sampled from the microcosms over time. Bacterial
growth was determined by measuring the rate of 3H-thy-
midine (TdR) incorporation into extracted bacteria
(Baath 1992), which estimates the rate of DNA synthesis
as a measure of bacterial growth. Briefly, 0.30 g soil was
mixed with 20 mL demineralized water, vortexed for
3 min, and centrifuged (10 min at 1,000 g). The result-
ing bacterial suspension was incubated at 16°C for 2 h,
with 100 nmol/L methyl-[3H]thymidine (37 MBq/mL).
Bacterial growth was terminated after 2 h by adding
75 lL of 100% trichloroacetic acid. Centrifugation and
washing was performed as described by Baath et al.
(2001). Scintillation cocktail (Ultima Gold; Perkin
Elmer, USA) was added and the radioactivity was mea-
sured using a liquid scintillation counter. The amount of
thymidine incorporated into extracted bacteria
(pmol TdR incorporatedg1 SOMh1) was used as a
measure of bacterial growth. The rate of thymidine
incorporation was converted into bacterial-C production
(µg Cg1 SOMh1) based on the empirical relation-
ship determined by Soares and Rousk (2019).
Fungal growth and biomass (ergosterol concentration)
were measured using the acetate-in-ergosterol incorpora-
tion method (Newell and Fallon 1991) adapted for soil
(Baath 2001, Rousk et al. 2009), which estimates the rate
of ergosterol synthesis as a measure of fungal growth. To
do so, 0.30 g soil was mixed with 20 lL of 14C-acetate
solution ([1-14C ] acetic acid, sodium salt, 2.07 GBq/
mmol; Perkin Elmer, Waltham, MA, USA) and unlabeled
sodium acetate, resulting in a final acetate concentration
of 220 lmol/L in the soil slurry. Samples were incubated
at 16°C for 2 h before growth was terminated by addition
of formalin. Ergosterol and incorporated acetate were
measured according to Rousk and Baath (2007). Ergos-
terol concentration was estimated from the UV absor-
bance at 282 nm compared with external standards. The
amount of acetate incorporated into ergosterol
(pmolg1 SOMh1) was used as a measure of fungal
growth. The rate of acetate incorporation was converted
into fungal-C production (µg Cg1 SOMh1) based on
the empirical relationship determined by Soares and
Rousk (2019). Microbial carbon use efficiency (CUE) was
estimated as the ratio between total microbial growth
(bacterial + fungal C production) to the total microbial
C use (total microbial growth + respiration).
PLFA composition and 13C-PLFA enrichment
A subset of the time points (days 2, 4, and 7; see
Appendix S1: Fig. S3) were extracted for microbial
PLFAs for three of the replicates. The microbial PLFA
composition was determined from 0.30-g frozen subsam-
ples, according to Frostegard et al. (1993), with modifi-
cations (Nilsson et al. 2007). An internal standard
(methyl nonadecanoate fatty acid 19:0) was added before
the methylation step for quantification. The derived
fatty acid methyl esters (FAMEs) were quantified on a
gas chromatograph with flame ionization detector, and
then analyzed for their d13C content (see Stable isotope
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calculations). Bacterial- (i14:0, i15:0, a15:0, i16:0,
16.1x9, 16.1x7, i17:0, a17:0, 17:1x8, cy17:0, 10Me17:0,
18:1x7, 10Me18:0, and cy19:0) and fungal-specific
(18:2x6,9) PLFAs were used to estimate the relative
abundance of these functional groups (Frostegard and
Baath 1996, Ruess and Chamberlain 2010). The total
concentration of PLFAs (14:0, 15:0, 16:1x5, 16:0, 17:0,
18:1x9, and 18:0 in addition to those listed as bacterial
and fungal biomarkers), was used as a measure of total
microbial abundance.
Stable isotope calculations
Enrichment of 13C in respired CO2 and microbial
PLFAs were expressed as d13C (& Vienna Pee Dee
Belemnite; PBD). All IRMS measurements were per-
formed using various appliances coupled to a Delta V
Plus via the ConFlow IV interface (Thermo Fisher Sci-
entific), at the Stable Isotope Facility at the Department
of Biology, Lund University, Sweden. For measurements
of d13C in respired CO2, a GasBench II was used, and
for the d13C in FAMEs derived from extracted PLFAs, a
Trace GC Ultra gas chromatograph was used. The d13C
in respired CO2 was corrected for the background signal
of d13C in the sampled headspace using standard proce-
dures. The d13C values for PLFAs were corrected for the
C atom added during the methylation step, as in Wil-
liams et al. (2006).
The total CO2 efflux and microbial PLFAs from each
soil was partitioned into labile substrate C- and soil-
derived components, using a mass balance approach,
where fsub was the fraction of the total C that was sub-
strate derived, dT was the isotopic signature of the trea-
ted sample obtained at each time point, dC was the
isotopic signature of the control treatment without labile
OM addition and dS was the isotopic signature of the
added substrate:
fsub ¼ dT dCdS dC :
In order to distinguish the effect of labile OM addi-
tions on microbial processes, all rates were relativized to
the control (no C substrate addition), by subtracting the
basal rate of the no-C substrate addition from all values,
before normalizing to that value. With this transforma-
tion, any deviation from zero would indicate how the
labile OM addition modulated the rate, either by stimu-
lation (positive values) or inhibition (negative values).
In the case of gross N mineralization, for soils
amended with alanine it was first necessary to partition
the N mineralized from the added substrate and N min-
eralized from SOM. To do so, the amount of N mineral-
ized from the added alanine was estimated based on the
measured 13C-substrate derived C mineralization for
individual samples at each time point (Appendix S1:
Figs. S1B and S2B). This value was then subtracted from
the total gross N mineralization to estimate the N
mineralization from SOM (Appendix S1: Fig. S2),
before the priming of soil N mineralization was calcu-
lated as previously described. Although it is possible that
some alanine-N may have been released by extracellular
deamination of the amino group, very low concentra-
tions of deamination products (<2%) and a rapid uptake
of amino acids (96% of alanine lost from soil solution
within 1 min) have been measured in soils (Geisseler and
Horwath 2014, Wilkinson et al. 2014). Hence, our
assumption that the alanine was taken up directly (Geis-
seler et al. 2009, 2010), and that the substrate-derived C
mineralization reflects the substrate-derived N mineral-
ization, is supported.
Data analysis
The effect of field treatments on initial soil properties
(including soil physiochemical properties, basal micro-
bial process rates, and microbial biomass parameters)
were assessed by one-way analysis of variance
(ANOVA). A principal-component analysis (PCA) was
used to screen for differences in the PLFA composition
of the soil microbial community, using the relative abun-
dances (mol%) of PLFAs in unamended soils, after stan-
dardizing to unit variance. The scores of the principal
components were also subjected to ANOVA.
As there was no evidence for significant field-treatment
effects on soil properties, microbial process rates or com-
munity composition (see Results), and no clear effect of
field treatment on priming responses, data from all field
treatmentswere combined to test themain and interactive
effects of substrate addition (control, glucose, or alanine)
and time by repeated-measures ANOVA. In order to
avoid pseudoreplication, we first averaged the data from
the different field treatments across replicates, thus pre-
serving the replication of n = 6. The tested response vari-
ables included priming of soil C and N mineralization as
well as priming of bacterial and fungal growth and micro-
bial CUE over the 7 d study. Prior to analysis, dependent
data were log transformed in order to meet the assump-
tions (homogeneity of variance) of ANOVA. Pairwise
comparisons of significant effects were conducted using
Tukey’s honestly significant difference (HSD) test, with
significant differences identified where P < 0.05. Soil C
and gross N mineralization rates were also regressed
against the rate of substrate mineralization, in order to
investigate the relationship between the use of substrates
and the observed priming responses. All statistical analy-
ses were performed using JMP Pro 15 forMac (SAS Insti-
tute, North Carolina, USA).
RESULTS
Field treatment effects
Soil physiochemistry was unaffected by climate
change–simulation treatments (Table 1). There was also
no significant effect of field treatments on microbial
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process rates (Fig. 1) or microbial biomass parameters
(Table 1). Microbial C use in all soils was dominated by
fungi (as suggested by the ratio >1 for fungal-to-bacte-
rial growth; Fig. 1D), with all soils exhibiting a micro-
bial CUE of ~0.16 (Fig. 1E).
Although microbial community structure did not vary
significantly among field treatments, there was a ten-
dency for separation along PC1 (P = 0.12), which was
strongest between the fungal sporocarp addition treat-
ment and warming treatment, towards positive and neg-
ative variable loadings, respectively (Fig. 2A).
Differences along PC1 appeared to be related to higher
relative abundances of the fungal marker 18:2x6,9
towards negative variable loadings and a higher relative
abundance of some PLFA markers associated with
gram-positive bacteria (a15:0 and i15:0) towards positive
variable loadings (Fig. 2B). In the case of PLFA markers
associated with gram-negative bacteria, there was a
higher relative abundance of 18:1x7, cy19:0 and 18:1x9
towards negative variable loadings, and a higher relative
abundance of the cy17:0 marker towards positive vari-
able loadings.
Effect of labile OM addition on SOM mineralization
Amendment of soils with labile substrates quickly
stimulated total respiration, within 3 h (Appendix S1:
Fig. S1A). In order to assess the change in soil C
mineralization induced by glucose and alanine additions,
total respired C was partitioned into substrate- and soil-
derived components (Appendix S1: Fig. S1B, C). There
was no effect of field treatment on the cumulative prim-
ing of soil C mineralization stimulated over the 7-d
study, and also no difference between glucose and ala-
nine, with both substrates stimulating C mineralization
overall by ~10% (Fig. 3A). There were, however, differ-
ences in the C mineralization response to glucose and
alanine over time, as indicated by the significant Sub-
strate 9 Time interaction (P < 0.001). Immediately
after the addition of glucose, soil C mineralization was
increased by ~50%, whereas the addition of alanine stim-
ulated soil C mineralization by only ~25% (Fig. 3C).
The priming of soil C induced by glucose remained
higher than that induced by alanine for up to 15 h. After
this, the priming of soil C induced by glucose declined,
and the priming of soil C induced by alanine remained
relatively constant until the end of the 7-d study.
Over the course of the 7-d study, the priming of soil N
mineralization induced by alanine was approximately
four times greater than induced by the glucose addition
(Fig. 3B), with no clear effect of field treatment. The
responses to glucose and alanine also varied over time,
as demonstrated by the significant Substrate 9 Time
interaction (P < 0.001). Immediately after the substrate
additions, soil N mineralization was increased by
~150%, with no significant difference between glucose
FIG. 1. (A) Respiration, (B) bacterial growth, (C) fungal growth, (D) fungal-to-bacterial growth ratio, (E) microbial carbon use
efficiency (CUE), and (F) gross N mineralization in soils resulting from climate change–simulation field treatments in a subarctic
heath (see x-axis). Bars represent mean 1 SE (n = 6). SOM, soil organic matter.
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and alanine (Fig. 3D). However, 15 h after the substrate
additions, the priming of N mineralization induced by
alanine increased dramatically to reach ~800%, and
although the priming response generally decreased after
this peak, it remained substantially higher than that
induced by glucose for the duration of the study
(Fig. 3D).
In soils amended with glucose, there was a strong rela-
tionship between the mineralization of the added sub-
strate and priming of both soil C and N mineralization
(Fig. 4). In contrast, for alanine, although there was a
trend for higher priming of soil N mineralization with
greater mineralization of the added substrate (R2 = 0.43
P = 0.23), there was no significant relationship between
substrate mineralization and the priming of soil C or N
(Fig. 4).
Effect of labile OM addition on microbial growth
The addition of glucose stimulated priming of both bac-
terial and fungal growth, whereas the addition of alanine
only induced priming of bacterial growth (Fig. 5A, B).
There was no effect of field treatment on bacterial or fun-
gal growth responses to either substrate addition; hence we
combined the data from all field treatments to examine the
responses to glucose and alanine additions over time. Ini-
tially, immediately after the addition of glucose and ala-
nine, bacterial and fungal growth was statistically
indistinguishable from the control (Fig. 5C, D). However,
over the following 7 d, different microbial growth dynam-
ics were induced by the added substrates, as shown by the
significant Substrate 9 Time interaction (P < 0.001 for
bacterial growth and P = 0.01 for fungal growth). After
day 1, bacterial growth was ~40% higher in soils amended
with glucose and ~60% higher in soils amended with ala-
nine, compared to the control. In the soils amended with
glucose, bacterial growth remained high until day 2 and
then gradually declined towards the control. In contrast,
for the soils amendedwith alanine, the priming of bacterial
growth increased further by day 2 and remained elevated
until the end of the 7-d study. In the case of fungi, after day
1, fungal growth was ~20% higher in soils amended with
glucose than the control, and remained elevated for the
duration of the study (Fig. 5D). In contrast, there was no
effect of alanine on the priming of fungal growth.
The responses of bacterial and fungal growth to labile
OM inputs were broadly reflected by the incorporation
of 13C-glucose and 13C-alanine into microbial PLFAs
(Appendix S1: Fig. S3). Tracing the incorporation of 13C
into microbial PLFAs revealed a particularly high incor-
poration of 13C-labeled substrates into gram-negative
bacteria, compared to the incorporation into gram-posi-
tive bacterial and fungal PLFAs (Appendix S1: Fig. S3).
Effect of labile OM addition on microbial carbon use
efficiency
Microbial CUE was affected by the added substrates
(P < 0.001) and varied over time (P < 0.001), with a sig-
nificant Substrate 9 Time interaction (P < 0.001). The
CUE in the unamended control soils was initially ~0.10,
but quickly increased and stabilized at ~0.15 after 1 d.
Compared to the control, the addition of glucose and
alanine immediately reduced the CUE followed by a
gradual recovery. In the soils amended with glucose,
microbial CUE converged with the control by day 4,
FIG. 2. Microbial community composition in soils dependent on field treatment (C, control; W, warming; B, Betula litter; S,
Salix litter; F, fungal sporocarp addition), according to a principal-component analysis (PCA) of the PLFA composition (expressed
as mol%). (A) Scores of the first two principal components, together explaining 43.9% variation (data represent mean  1 SE,
n = 3). (B) Loadings of the first two components from the PCA of PLFA composition, showing the PLFA markers driving the sepa-
ration among samples in (A).
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whereas in soils amended with alanine the microbial
CUE did not recover to the control level until day 7.
DISCUSSION
Simulating climate change in the subarctic
Climate change will have a profound impact on arctic
and subarctic ecosystems, both directly because of
increased temperatures (Intergovnmental Panel on Cli-
mate Change; IPCC 2013), and indirectly because of
changes in the quantity and quality of litter inputs to soil
as a result of shrub expansion into the tundra (Martin
et al. 2017, Myers-Smith et al. 2019). Here we used soils
from a climate change–simulation field experiment—
including warming and litter-addition treatments—to
investigate how these changes would influence the sus-
ceptibility of SOM to priming. Using open-top cham-
bers, soil temperature was increased by 1.1°C above
ambient, which is in line with the level of warming
achieved by this approach in other subarctic studies
(Rinnan et al. 2007, Weedon et al. 2012), and also
reflects the magnitude of warming that is expected to
occur in this ecosystem over the coming years (IPCC
2013). The annual litter addition rate (90 g/m2) repre-
sented a high resource input compared to the annual
aboveground net primary productivity of 100–200 g/m2
reported for arctic tundra systems (Mack et al. 2004),
but corresponded to the annual litterfall of a nearby
open birch forest (Bylund and Nordell 2001), thereby
FIG. 3. The effect of glucose and alanine additions on the cumulative priming of (A) C mineralization and (B) gross N mineral-
ization in soils from climate change simulation treatments in the subarctic (see Fig. 2 for legend description), and the priming of
(C) soil C mineralization and (D) gross N mineralization over time. Deviation from zero indicates a change compared with una-
mended controls, whereby positive values indicate stimulated rates and negative values indicate reduced rates. Data represent
mean  SE (n = 6). Where error bars cannot be seen, the bar is smaller than the symbol. Note difference in y-axis scales.
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reflecting potential inputs as a result of deciduous shrub
expansion.
Although the field treatments had been active for 5 yr
at the time of soil sampling, there was no significant
effect on soil physiochemical parameters (Table 1) or
microbial process rates (Fig. 1), and only subtle effects
on microbial community structure (Fig. 2). It is possible
that the physical disturbance during soil sampling could
have impacted measured microbial parameters, reducing
our sensitivity to detect differences among the treat-
ments. However, previous studies found no effects of
sieving field-moist soils on microbial respiration (Meyer
et al. 2019), and only minor effects on PLFA composi-
tion, with sieving primarily reducing the concentration
of the fungal biomarker (18:2x6,9), likely due to the fila-
mentous nature of fungi making them more susceptible
to the disturbance (Petersen and Klug 1994). Despite
this, we found that the fungal biomarker was one of the
PLFAs that drove separation in the microbial commu-
nity structure among the field treatments, indicating that
the signal driven by the field treatments remained stron-
ger than that potentially introduced by the sampling dis-
turbance. We also found that fungi were responsive to
the labile OM additions (Fig. 5), suggesting that they
were not negatively impacted by the sampling procedure.
Several studies have also shown a limited responsive-
ness of microbial community structure and process rates
to simulated climate change. For example, after 7 yr of
litter additions, although some differences in microbial
community structure were identified in the topsoil, there
was no effect of the treatment evident below 5-cm depth
(Rinnan et al. 2008). Warming has also been shown to
have no clear effect on microbial composition (Rinnan
et al. 2007, Weedon et al. 2012), even in response to
long-term warming of up to 20 yr (Rinnan et al. 2013).
Considered together, these studies along with ours, sug-
gest that microorganisms in subarctic soils will be resis-
tant to increases in temperature and litter inputs as a
result of future climate change. As there was no signifi-
cant change in the belowground microbial community in
response to the field treatments, it was not surprising
that there was no clear effect of the field treatments on
priming responses to labile OM additions (Fig. 3A, B).
However, by combining the responses from all field
treatments, our power to test for substrate effects on
priming responses was enhanced.
Labile OM induces a decoupling of C and N
mineralization in subarctic soils
In our study, we used 13C-glucose and 13C-alanine to
simulate rhizosphere inputs. Tracing the incorporation
of these 13C-labeled substrates into microbial PLFAs
revealed that the added glucose and alanine was pre-
dominantly used by gram-negative bacteria. Gram-nega-
tive bacteria are often associated with the use of root
exudates derived from recently photosynthesized C (De
Deyn et al. 2011, Chaudhary and Dick 2016), indicating
that our additions successfully simulated sources of
labile OM found in the rhizosphere. Few studies have
quantified root exudation, partly because of technical
difficulties in assessing gross exudation rates (Pausch
and Kuzyakov 2018). However, it has been estimated
that root exudation may account for up to 10% of net
primary productivity (Jones et al. 2004). One study that
did measure the exudation of organic C from ryegrass
roots (Paterson and Sim 1999) found exudation rates
corresponding to 1,500 µg Cg1 soild1 (Paterson
et al. 2007), thus being of the same order of magnitude
as the OM additions used to simulate rhizosphere inputs
FIG. 4. The relationship between substrate mineralization and (A) priming of C mineralization and (B) priming of gross N min-
eralization in subarctic soils following the addition of glucose and alanine. Data represent mean  SE (n = 6). Note differences in
y-axis scales.
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in our study. The quantification of rhizodeposition rates
for arctic plants, and the role of symbiotic fungi in the
decomposition of SOM (Hewitt et al. 2020), which we
do not include here, clearly remains an important avenue
for future research. However, a meta-analysis of 31 stud-
ies found that woody plant species induced stronger
priming effects than grasses (Huo et al. 2017). Moreover,
given that root exudation comprises ~10% of net pri-
mary productivity (Jones et al. 2004), it is likely that
inputs of root-derived OM and thus the potential for
priming will increase in concert with increases in plant
growth and shrubification associated with climate
change in the Arctic (Myers-Smith et al. 2019).
We hypothesized that glucose addition to these N-
poor subarctic soils would induce a specific targeting of
N-rich SOM by microbes. Consistent with this predic-
tion, following the addition of glucose, soil C mineral-
ization was increased by ~50%, and soil N
mineralization was increased by ~120% (Fig. 3C, D),
indicating selective microbial N-mining. These responses
are consistent with those previously found for these
same subarctic tundra soils, whereby glucose addition
led to a decoupling of C and N mineralization, resulting
in a lower C/N ratio of OM that was mineralized (Rousk
et al. 2016).
The N-mining interpretation of priming suggests that
in N-poor soils, soil microorganisms mineralize SOM in
order to acquire N. As such, we hypothesized that the
addition of alanine would reduce microbial mineraliza-
tion of soil N, because microorganisms could use the
FIG. 5. The effect of glucose and alanine additions on the cumulative priming of (A) bacterial and (B) fungal growth in soils
from climate change–simulation treatments in the subarctic (see Fig. 2 for legend description), and the priming of (C) bacterial
growth and (D) fungal growth over time. Deviation from zero indicates a change compared with unamended controls, whereby pos-
itive values indicate stimulated rates and negative values indicate reduced rates. Data represent mean  SE (n = 6). Where error
bars cannot be seen, the bar is smaller than the symbol.
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stoichiometrically balanced supply of C and N from the
added labile substrate. Contrary to expectation, we
found that the addition of alanine stimulated the micro-
bial mineralization of soil N to an even greater degree
than that stimulated by the glucose addition. A recent
study of agricultural soils also found that the addition of
alanine induced priming of SOM (Mason-Jones et al.
2018). In the agricultural soils, there was a positive rela-
tionship between the mineralization of the added sub-
strate and the priming of soil C mineralization,
suggesting that the priming effect may be explained by
the C-induced synthesis of SOM-degrading extracellular
enzymes. In contrast, in our study, although there was a
positive relationship between the mineralization of glu-
cose and the priming of soil C and N mineralization,
there was no significant relationship between the miner-
alization of alanine and priming responses (Fig. 4). This
points towards a different mechanism for priming in our
soils, with the response differing depending on the input
of labile substrates containing C alone or nitrogenous
substrates containing both C and N.
Although the stimulated gross N mineralization (i.e.,
N-mining) response to the addition of a nitrogenous
substrate is seemingly counterintuitive, our finding may
be explained in light of the theory forwarded by Schi-
mel and Bennett (2004). It was suggested that in N-
poor ecosystems, depolymerization of N-containing
compounds by extracellular enzymes is rate limiting for
the production of bioavailable N. If N availability
increases, however, microorganisms may be able to
increase the synthesis of N-acquisitioning enzymes
(Weintraub and Schimel 2003), resulting in enhanced
rates of organic N depolymerization and mineralization
(Wild et al. 2015). In a chronically N-depleted environ-
ment—such as subarctic tundra ecosystems—this strat-
egy of using and investing the source of labile C and N
in order to acquire more N by N-mining should “future
proof” the microbial community against N limitation.
As such, this could be a trait that has been selected for
within the studied N-poor subarctic soils, explaining
the dramatic N mineralization response following the
addition of alanine. Analogous trait–environment rela-
tionships have been shown for plants (Keddy 1992),
whereby resource-poor environments promote plants
with traits that are resource conservative and retentive
in order to sustain the population under low levels of
resource supply (Reich 2014, Bruelheide et al. 2018).
For instance, at a nearby subarctic tundra site, the
nutrient-conservative dwarf shrub V. uliginosum did not
respond to long-term nutrient or labile C addition,
whereas the more opportunistic grass Festuca ovina was
promoted by nutrient enrichment and retarded by
microbial N immobilization caused by labile-C–stimu-
lated microbial growth (Michelsen et al. 1999). The
release of inorganic N as a result of microbial N-mining
would also benefit plants in N-limited subarctic soils
(Michelsen et al. 1999, Hicks et al. 2019). This could
generate positive plant–soil feedbacks, whereby the
elevated N availability supports increased plant produc-
tivity, potentially accelerating the rate of subarctic
shrubification.
Microbial growth responses to labile OM additions
The addition of glucose and alanine quickly stimu-
lated priming of SOM, with priming of soil C mineral-
ization increasing by 25–50% and gross soil N
mineralization increasing by 150% within 3 h of the sub-
strate additions (Fig. 3C, D). This observed priming of
SOM did not, however, coincide with the priming of
microbial growth, as a stimulation of bacterial and fun-
gal growth did not occur until 24 h after the substrate
additions (Fig. 5C, D). There was also a mismatch in
the subsequent dynamics of microbial growth and SOM
mineralization, with the priming of bacterial growth
peaking 2 d after the addition of both glucose and ala-
nine, at a time when the priming of C and N mineraliza-
tion in the soils was decreasing. Taken together, these
results suggest that the priming of SOM mineralization
was driven by catabolic, rather than anabolic, responses
of the resident microbial community. In a previous study
of the same subarctic soils, the priming of SOM induced
by glucose was also associated with a catabolic microbial
response (Rousk et al. 2016). As the response occurred
rapidly (i.e., within 3 h) after the addition of the glucose
and alanine, the most likely explanation is that the labile
OM triggered a catabolic response of the resident micro-
bial community and its associated extracellular enzymes
(Drake et al. 2011, Bengtson et al. 2012).
Immediately following the addition of glucose and ala-
nine to soils, microbial CUE was reduced compared to
the control (Fig. 6). It has been suggested that there is an
inverse relationship between microbial CUE and N-use
FIG. 6. Microbial carbon use efficiency (CUE) in soils fol-
lowing the addition of glucose (labile C) and alanine (labile C +
N) compared to control (unamended) soils. Data represent
mean  SE (n = 6). Where error bar cannot be seen, the bar is
smaller than the symbol.
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efficiency (NUE) driven by microbial stoichiometry,
whereby under N limitation microbes use N with high
efficiency (i.e., a low fraction of inorganic N is released as
ammonium) and that this is accompanied by a low CUE
(Mooshammer et al. 2014). There is, however, no evi-
dence that this occurred in our study, as microbial CUE
was reduced by the addition of labile OM, and this coin-
cided with increased gross N mineralization, indicating
that NUE was also low. This suggests that the stimulated
N-mineralization response to added glucose and alanine
occurred extracellularly, which is consistent with our
interpretation that the N-mining was driven by a trigger-
ing of extracellular enzymes (Drake et al. 2011, Bengtson
et al. 2012, Rousk et al. 2016). The sustained reduction in
microbial CUE in response to alanine compared to glu-
cose (Fig. 6) may also reflect that more energy was used
for the synthesis of N-acquisitioning enzymes, which sus-
tained the increased N-mineralization response over the
duration of the 7-d study (Fig. 3D).
CONCLUSIONS AND OUTLOOK
Shrub expansion and increased primary productivity
associated with climate change in the Arctic and subarc-
tic will increase inputs of labile OM in the rhizosphere
(Jones et al. 2004, Huo et al. 2017, Myers-Smith et al.
2019). A stimulation of soil C mineralization in response
to increased plant productivity has been observed in situ
at a nearby experimental site in Abisko (Ravn et al.
2017) as well as in other high-latitude ecosystems (Mack
et al. 2004, Hartley et al. 2012), demonstrating the
potential for soil C loss in response to future climate
change. Our results, rather, suggest that labile OM
inputs will stimulate the mineralization of both C and N,
and that N mineralization would be stimulated more
than C mineralization. This would make more N avail-
able for plant uptake in these N-limited soils, resulting in
positive plant–soil feedbacks whereby increased N avail-
ability driven by microbial N-mining would support
increased plant productivity (Michelsen et al. 1999,
Hicks et al. 2019). The importance of soil microorgan-
isms in decomposing OM to maintain plant productivity
is widely recognized (Van Der Heijden et al. 2008). How-
ever, our findings suggest that rather than just maintain-
ing plant productivity, plant–soil feedbacks initiated by
climate change–driven shrub expansion could act as a
positive feedback accelerating plant productivity in sub-
arctic tundra ecosystems. Eventually, these plant–soil
feedbacks may lead to the loss of old SOM, causing tun-
dra soil properties to converge towards those of subarc-
tic forest soils (Hartley et al. 2012, Parker et al. 2015).
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